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rimary blast lung injury (PBLI) is a major cause of death in military conflict and terrorist attacks on civilian populations. However, the
mechanisms of PBLI are not well understood, and a standardized animal model is urgently needed. This study aimed to establish an animal
model of PBLI for laboratory study.
METHODS: T
he animal model of PBLI was established using a self-made mini shock tube simulation device. In brief, mice were randomly di-
vided into two groups: the control group and the model group, the model group were suffered 0.5 bar shock pressures. Mice were
sacrificed at 2 hours, 4 hours, 6 hours, 12 hours, and 24 hours after injury. Lung tissue gross observation, hematoxylin and eosin
staining and lung pathology scoring were performed to evaluated lung tissue damage. Evans blue dye leakage and bronchoalveolar
lavage fluid examination were performed to evaluated pulmonary edema. The relative expression levels of inflammation factors were
measured by real-time quantitative polymerase chain reaction and Western blotting analysis. The release of neutrophil extracellular
traps was observed by immunofluorescence stain.
RESULTS: I
n themodel group, the gross observation and hematoxylin and eosin staining assay showed the inflammatory cell infiltration, intra-alveolar
hemorrhage, and damaged lung tissue structure. The Evans blue dye and bronchoalveolar lavage fluid examination revealed that the lung
tissue permeability and edema was significantly increased after injury. Real-time quantitative polymerase chain reaction and Western blot-
ting assays showed that IL-1β, IL-6, TNF-αwere upregulated in the model group. Immunofluorescence assay showed that the level of neu-
trophil extracellular traps in the lung tissue increased significantly in the model group.
CONCLUSION: T
he self-made mini shock tube simulation device can be used to establish the animal model of PBLI successfully. Pathological
changes of PBLI mice were characterized by mechanical damage and inflammatory response in lung tissue. (J Trauma Acute Care
Surg. 2022;93: 530–537. Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American
Association for the Surgery of Trauma.)
KEYWORDS: L
ung; blast injury; animal model; shock wave; inflammation.
A ccidental explosion are common in various fields, such as
military, industry, and daily life. Blast injuries are the most

common fatal injuries sustained during military actions, terrorist
attacks, and peacetime accidents.1 Research from WHO staff
suggests that blast injuries account for 79% of combat-related
injuries.1 In a review by Mackenzie and Tunnicliffe,2 among
the 517 blast injured patients admitted to intensive care at the
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University Hospital of Birmingham between July 1, 2008, and
January 15, 2010, 95 (18.4%) died before receiving treatment
and 17 died during subsequent treatment. In the battlefield and
terrorist attacks, among the blast injuries caused by explosive
weapons, brain, ear, limbs, chest, blood vessels are mainly dam-
aged, among which chest trauma accounts for a large proportion
with the highest morbidity and mortality.3 Chest trauma mainly in-
cludes penetrating injury, blunt trauma, and blast injury. The lung in
the chest is the most important target organ in blast injury because
of its air-containing, which is called blast lung injury (BLI).

The pattern of blast injury could be divided into five
grades: primary, secondary, tertiary, quaternary, and quinary
blast injuries. Damage caused only by the blast wave was de-
fined as primary blast injury.4 Primary BLI (PBLI) is also de-
fined as “radiological and clinical evidence of acute lung injury
occurring within 12 hours of exposure and not due to secondary
or tertiary injury.” In the war of Afghanistan, PBLI was identi-
fied in 6% to 11% of military casualties surviving to reach a
field hospital.5 The incidence of PBLI can reach almost 80%
in blast exposed nonsurvivors.6 About 94% of severe casualties
in the Madrid train bombings suffered PBLI.7 Therefore, it is
very important to study the pathogenesis and treatment of PBLI
and reduce casualties in the war. Although a vast amount of blast
injury animal researches have been undertaken since the Second
World War, the laboratory animal model that could fully simu-
late PBLI remains absent.
J Trauma Acute Care Surg
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Figure 1. The self-made mini shock tube simulation device. (A)
Model diagram of the device. The device consists of five parts:
compression chamber, release chamber, pricking device,
pressure sensor and computer control system. Both the compress
chamber and the release chamber are respectively vertical steel
tubes and are separated by multilevel tin foils in the middle.
The compression chamber is connected with an air compressor.
The compressed air is injected into the compression chamber
through the air compressor when the control system is turned on.
When the pressure-setting value is reached, the pricking device
pierces the aluminum film and produces instantaneous shock
wave. The shock wave generated by the device ranges from 0 to
2 bar. (B–F) Photos of the device. (B) Shock tube main body. (C)
Release chamber. (D) Compression chamber. (E) Pricking device.
(F) Pressure sensor.
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Shock wave is an important cause of blast injury and can
induce complex damage to multiple systems and organs owing
to instantaneous overpressure. In this study, we aim to design a
mini shock tube simulation device for the establishment of PBLI
animal model suitable for laboratory study and explore the com-
plex pathophysiological changes caused by blast injury to the
lungs in mice.

MATERIALS AND METHODS

The Self-MadeMini Shock Tube Simulation Device
In this study, the mouse PBLI model was induced by a

self-made mini shock tube simulation device. The device con-
sists of five parts: compression chamber, release chamber,
pricking device, pressure sensor, and computer control system
(Fig. 1). This device weighs about 80 kg. Both compress cham-
ber and release chamber are vertical steel tubes with a diameter
of 400 mm and a height of 200 mm and 500 mm, respectively.
The two chambers are separated by multilevel tin foils in the
middle and secured by lifting ring bolts, where a damaging
shock wave is generated with peak pressures ranging from
0 bar to 5 bar. The device has two pressure sensors: one is lo-
cated in the cylinder wall of the compress chamber and is used
to measure the preexplosion pressure in the compress chamber;
another is located in the shock wave release port of the release
chamber and measures the peak pressure of the shock wave ac-
tually applied to the experimental animals. The two sensors are
both connected to a computer control system to record and dis-
play real-time pressure in both chambers at a frequency of
200 Hz/s. A special rubber plate with holes (the diameter of
the holes is 20 mm) is fixed on the upper part of the release
chamber, which is also seen as a platform for animal placement.
The pricking device is installed in the middle of the release
chamber. The computer control system can set the data of burst
pressure and display the real-time change of air pressure in the
two chambers, store and transmit the relevant data. The com-
pression chamber is connected with an air compressor. The
compressed air is injected into the compression chamber
through the air compressor when the control system is turned
on. When the pressure-setting value is reached, the pricking de-
vice pierces the aluminum film and produces instantaneous
shock wave. Scatter plots of the peak pressure were drawn using
origin software version 9.0 and fitted by a linear line to deter-
mine the shock-wave loading trend.

Animals and Mouse PBLI Model
Male C57BL/6 mice, aged 6 weeks to 8 weeks and

weighing 18 g to 24 g were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijiing, China). An-
imals were housed four to five per cage at 22°C with a 12-hour
light/dark cycle, and free access to food and water. Animal wel-
fare and experimental design were approved by the Institutional
Animal Care and Use Committee of Yi Shengyuan Gene Tech-
nology (Tianjin) (YSY-DWLL-2021013).

Forty mice were randomly divided into four groups (n =
10 for each group). After administering anesthesia, mice were
placed in a prone position on the rubber plate with the chest di-
rectly above the hole. The mice were suffering from 0.5 bar,
1 bar, 1.5 bar, or 2 bar shock pressures, respectively. Physiolog-
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf
ical status and survival were observed every 2 hours for the first
day after injury. From the second day after the injury, mice sur-
vival was observed once a day.

According to the results of survival study above, 0.5 bar
was finally selected as the injury pressure. Another 48micewere
randomly divided into the control group and the model group.
The model group suffered 0.5 bar shock pressures, and the con-
trol group was treated similarly but without exposure to shock
wave. The lungs of the mice in each group were harvest and
weighted at 2 hours, 4 hours, 6 hours, 12 hours, and 24 hours af-
ter injury (n = 8 for each group).
of the American Association for the Surgery of Trauma. 531
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This study conforms with the ARRIVE guidelines and a
complete checklist has been uploaded as Supplemental Digital
Content (SDC 1, http://links.lww.com/TA/C388).

Hematoxylin and Eosin Staining and Lung
Pathology Scoring

The right lung of mice was harvest and placed in 4% para-
formaldehyde fix solution. Paraffin embedding and slices were
used for hematoxylin and eosin (H&E) staining. The lung path-
ological injury was scored according to the H&E results of lung
tissue sections and lung pathology scoring standard.8 Patho-
logical injury was scored according to the following variables:
alveolar and interstitial inflammation, alveolar and interstitial
hemorrhage, edema, alveolar fusion, alveolar septal thickening.
The severity of each of the seven indicators is graded as follows:
no damagewas graded as 0 point, damagewith 25%was 1 point,
damage with 50% was 2 points, damage with 75% was 3 points,
and diffuse damage was 4 points. The highest score is 28 points
and the lowest is 0 point.

Lung Vascular Permeability Assay
Lung vascular permeability was evaluated by measuring

Evans blue dye (EBD) leakage. In brief, 4% EBD (5 mL/kg)
was injected intravenously at each time point after blast injury.
The mice were sacrificed 2 hours after injection. A small inci-
sion was made in the left atrium with ophthalmic scissors, and
phosphate buffer solution (PBS) containing heparin sodium per-
fusion through the right ventricle was performed followed by a
20-mL rinse. Then the lungs were removed and placed into
1mLDimethylformamide. After incubated at 60°C for 24 hours,
the tissue were centrifuged at 4,000 rpm for 10 minutes. The su-
pernatant was collected and the absorbance was detected at
620 nm. According to the standard curve, the content of EBD
in lung tissue was calculated.

Bronchoalveolar Lavage Fluid Examination
After sacrificed, the trachea of the mice was exposed. A

small incision was made below the thyroid cartilage and an
18-G endotracheal intubation was inserted, ligated and fixed.
Mice trachea was lavaged with 0.4 mL PBS each time, repeated
for three times, and collected bronchoalveolar lavage fluid
(BALF) solution. Then the BALF was centrifuged at 6,000 rpm
for 15 minutes, the supernatant was collected and the protein con-
centration was detected. After washing twice with PBS, the pre-
TABLE 1. Sequence of Primers and Real-Time qPCR Running Program

Gene Primer Sequence of

IL-1β Forward TGCCACCTTTTGAC

Reverse AAGGTCCACGGGA

IL-6 Forward TAGTCCTTCCTACC

Reverse TTGGTCCTTAGCCA

TNF-α Forward CATCTTCTAAAATT

Reverse TGGGAGTAGACAA

β-actin Forward AGTGTGACGTTGA

Reverse GCAGCTCAGTAAC

532 © 2022 The Author(s). Published by Wolters Kluwer Health,
cipitation was mixed with 2% glacial acetic acid, the total number
of leukocyte was counted under a microscope. Leukocyte cell
smears were prepared, and the total leukocyte were counted under
a microscope after staining with Giemsa solution.

Real-Time qPCR
The total RNAwas extracted from the lung tissues using

the TRIzol reagent (Invitrogen, USA), the concentration and pu-
rity of RNA were detected using NanoDrop One Microvolume
UV-Vis spectrophotometer. RNA reverse transcription was per-
formed using PrimeScript RT reagent Kit (TaKaRa, Japan) and
Mastercycler pro PCR instrument (Eppendorf, GER). Real-
time quantitative polymerase chain reaction (qPCR) was per-
formed using HieffTM qPCR SYBR Green Master Mix
(Yeasen, China) and LightCycle 96 instrument (Roche, Swiss).
Gene expression was analyzed by LightCycle 96 software. The
expression level was normalized to that of β-actin, and was cal-
culated using the 2−ΔΔCt method. The primer sequences and run-
ning program in real-time qPCR are shown in Table 1.

Western Blot
The lung tissues were lysed by lysis buffer. After incubat-

ing on ice, the supernatant was obtained by centrifugation at
12,000 rpm for 15 minutes. The protein concentration was mea-
sured by BCA assay. The protein was added to SDS-PAGE sam-
ple loading buffer, boiled and denatured for 10 minutes. After
SDS-PAGE gel electrophoresis, the protein sample was trans-
ferred to the PVDF membrane and sealed with 5% skimmed
milk for 2 hours. Then the appropriate primary antibody IL-1β
(1:1000; cat. no. ab205924; Abcam, Cambridge, UK), IL-6
(1:1000; cat. no. 12912; Cell Signaling Technology, Boston,
MA), TNF-α (1:1000; cat. no. ab215188; Abcam), Myeloperox-
idase (MPO) (1:500; cat. no. sc-390109; Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX), β-actin (1:5000; cat. no. bs-0061R; Bioss,
Beijing, China) were added and incubated overnight at 4°C. Then,
the membrane was washed three times with tris buffered saline
(TBS) with Tween (TBST), and a horseradish peroxidase-
labeled antimouse secondary antibody (1:2000; cat. no.
CW0102; Cowin Biosciences, Jiangsu, China), antirabbit sec-
ondary antibody (1:5000; cat. no. EF0002; Sparkjade, Shan-
dong, China) were incubated for 1 hour at room temperature.
The membrane was washed three times with TBST. Proteins
were visualized using an ECL hypersensitive chemilumines-
cence kit (Sparkjade, cat. no. ED0016-B; Shandong, China)
Primers Real-Time qPCR Running Program

AGTGATG (1) Preincubation
➢ 95°C for 5 min
(2) Amplication (50 cycles)
➢ 95°C for 10 s
➢ 56°C for 20 s
➢ 72°C for 20 s
(3) Melting
➢ 95°C for 10 s
➢ 65°C for 60 s
➢ 97°C for 1 s
(4) Cooling
37°C for 30 s

AAGACAC

CCAATTTCC

CTCCTTC

CGAGTGACAA

GGTACAACCC

CATCCGT

AGTCCGC

Inc. on behalf of the American Association for the Surgery of Trauma.
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and a Tanon 5200 Full automatic chemiluminescence image
analysis system (Tanon Science and Technology Co., Ltd,
Shanghai, China).

Immunofluorescence Staining
The lung tissues section was deparaffinized with xylene

and dehydrated with ethanol gradient, and the antigens were
repaired with 0.01 M citrate buffer (pH 6.0). After 30 minutes
incubation with 0.1% Triton X-100, the tissues were sealed with
10% sheep serum for 30 minutes. Then the primary antibody,
MPO (1:50; cat. no. sc-390109; Santa Cruz Biotechnology,
Inc.), citH3 (1:50; cat. no. ab5103; Abcam) were incubated at
4°C overnight. After washing with PBS for three times, the fluo-
rescent secondary antibody was added. Finally, the nuclei were
stained by 4,6-diamino-2-phenyl indole (DAPI). All sections
were analyzed under confocal microscopy.

Statistical Analysis
Statistical analysis was performed using the Excel soft-

ware V2019. All data were presented as mean ± SE; The homo-
geneity variance and onewayANOVAwere applied to thewhole
sample study. The Kaplan–Meier method was used to evaluate
the survival rates of the experimental animals, and a logarithmic
survival curve was plotted. χ2 Test was used to compare the
survival rates among each group. All the statistical tests were
two-tailed tests, with statistical significance defined as p less
than 0.05.
Figure 2. Lung tissue damage in mice after explosion. (A)
Diagram of the peak pressure of shock wave generated by the
device changing with time (0.5–2.0 bar). (B) Survival analysis of
the animals with blast injuries at different shock wave pressure (0.
5–2.0 bar). (C) Gross observation of lung tissue. (D–E) H&E
staining and pathological scores of lung tissues. (F) The lung
coefficient in each group. (G) EBD leakage test to detect
pulmonary vascular injury. (H–I) Total protein concentration and
leukocyte in BALF. Results are presented as mean ± SD. *p < 0.05.
RESULTS

Parameters of Shock Wave and Survival Rate
of Animals

The self-made mini shock tube simulation device (Fig. 1)
was used to establish the PBLI animal model. The peak pressure
with a setting pressure of 0.5 bar, 1 bar, 1.5 bar and 2 bars is
shown in Figure 2A. As a result, the peak pressure increases as
the setting pressure increases.

Almost all mice in the four groups showed shallow breath-
ing after the blast injuries. In the 1 bar, 1.5 bar, and 2 bar groups,
some mice also showed a faint heartbeat. All animals remained
alive in the 0.5 bar group. In the 1 bar group, two mice died in
24 hours after PBLI. And pulmonary hemorrhage was observed
after dissection. All mice in the 1.5 bar group diedwithin 24 hours
(of which two had bleeding in the eyes). Lung tissue and thoracic
cavity hemorrhage were observed after dissection. In the 2 bar
group, eight mice died within 12 hours. No rib fractures were
found in each group, and death occurred within 24 hours only.
The survival rates in the 0.5 bar, 1 bar, 1.5 bar, and 2 bar groups
were 100%, 80%, 0% and 20%, respectively (Fig. 2B).

Gross Anatomy Observations of Lung Tissue
The lung tissue was generally observed after injury. A

small area of hemorrhagic spots appeared in the pulmonary lobe
of mice 4 hours after injury. Diffuse hemorrhagic spots formed
6 hours after injury, and the hemorrhagic lesions appeared dark
red. The range of hemorrhagic spots decreased 12 hours after in-
jury, and the color of the hemorrhagic lesion became lighter. The
lungs were essentially normal approximately 24 hours after in-
jury (Fig. 2C).
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf
Pathological Results
Compared with the control group, the lung tissue in the

model group was significantly damaged. Inflammatory cell in-
filtration into the alveolar compartment, intra-alveolar hemor-
rhage, thickening of lung alveolar septum, and lung tissue struc-
ture damaged were found in the model group. Two hours after
injury, the alveolar septawere thickened and a few inflammatory
cells were recruited. Four to 6 hours after injury, the alveolar
structure of the lung is severely damaged, inflammatory cells
and erythrocyte infiltrate into the alveolar cavity, the alveolar
cavity is fused and reduced in volume. A large number of red
blood cells remained in the alveolar cavity 12 hours after injury,
indicating that there was still internal hemorrhage in the lung at
this time. Twenty-four hours after injury, the levels of inflamma-
tory cells and red blood cell infiltration were improved (Fig. 2D).
According to the lung injury score, lung injury was significantly
increased in the model group. Pathological scores increased sig-
nificantly at 4 hours, and reached the peak at 6 hours to 12 hours.
Compared with the control group, the score is still significantly
higher 24 hours after injury (Fig. 2E).
of the American Association for the Surgery of Trauma. 533



Figure 3. The expression of inflammation factors in the PBLImice
model. qRT-PCR and Western blotting analyses the IL-1β (A,D,E),
IL-6 (B,D,F), and TNF-α (C,D,G) expression after injury at 2 hours,
4 hours, 6 hours, 12 hours, and 24 hours. Results are presented as
mean ± SD. *p < 0.05.

Figure 4. The level of NETs in lung tissue. (A,B)
Immunofluorescence assay shows the level of NETs in the lung
tissue after injury. Citrullinated histone H3 is stained red,
Myeloperoxidase is stained green and DNA is stained blue.
(C) Western blotting analyses the expression of MPO.

Meng et al.
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Volume 93, Number 4
Lung Coefficient
Compared with the control group, the lung coefficient in-

creased significantly 2 hours after injury and peaked at 6 hours.
At 12 hours and 24 hours after injury, the lung coefficient was
lower than that at 6 hours, but still significantly higher than that
of the control group. These indicated that pulmonary edema
persisted for at least 24 hours (Fig. 2F).

Lung Vascular Permeability
The EBD assay showed that the dye leaked into the lung

tissue, which indicated that the pulmonary blood vessels rup-
tured after PBLI. As shown in Figure 2G, increased vascular per-
meability was observed at model groups. Also, the level of EB in
lung tissue reached the peak at 6 hours, which indicated that the
diffuse vascular leakage in the lung tissue of the mice was
highest at 6 hours after injury.

Protein Content and Leukocyte Number in BALF
The total protein and cell content in BALF show the

changes of permeability of pulmonary capillaries and alveolar
epithelial cells. Compared with the control group, the total pro-
tein content in BALF increased significantly at model group
(p < 0.05) after injury (Fig. 2H). As for the total cells number
of leukocyte in BALF, it is increased significantly after injury
and reached a peak at 2 hours (Fig. 2I).

Inflammation Factors Expression
The expression of IL-1β, IL-6, and TNF-α was used to

evaluate inflammation in the lung tissue after PBLI. The mRNA
expression of IL-1β increased significantly and peaked at
534 © 2022 The Author(s). Published by Wolters Kluwer Health,
4 hours after injury, then decreased gradually (Fig. 3A). The pro-
tein expression level of IL-1β stared to increase at 4 hours and
reached the peak at 6 hours after injury (Figs. 3D, E). At 2 hours
to 6 hours after injury, IL-6mRNA expression level significantly
increased compared with that of the control group (Fig. 3B), the
protein expression level of IL-6 increased at 4 hours to 12 hours
and reached the peak at 6 hours after injury (Figs. 3D, F). As
for TNF-α, the mRNA expression was significantly higher at
4 hours to 12 hours, and peaked at 6 hours after injury.
Twenty-four hours after injury, the mRNA expression level of
TNF-α basically returned to normal level (Fig. 3C); however,
the protein expression level was still significantly increased
(Figs. 3D, G).
Inc. on behalf of the American Association for the Surgery of Trauma.
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The Level of Neutrophil Extracellular Traps in
Lung Tissue

The level of neutrophil extracellular traps (NETs) was
measured by immunofluorescence assay. As shown in Figure 4A,
in confocal microscopy images, the colocalization of citrullinated
histones H3 (red fluorescence), MPO (green fluorescence), and
DAPI (blue fluorescence) is where the NETs are located. Com-
pared with the control group, the level of NETs in the lung tissue
increased significantly in themodel group and reached the peak at
6 hours to 12 hours (Fig. 4B). MPO is a component of NETs, and
its protein expression is highly correlated with the level of NETs.9

The level of MPO in the lung tissues of mice in the model group
was significantly increased at 2 hours to 12 hours after injury, and
peaked at 6 hours, but therewas no significant difference between
the model group and the control group at 24 hours (Fig. 4C).
CONCLUSION

Primary BLI is a major cause of death in military conflict
and terrorist attacks on civilian populations. However, the de-
tailed damage process and mechanisms of PBLI are not well un-
derstood. To study the complex pathophysiological changes of
PBLI, a reproducible model is required to standardize outcomes
and analyze interventions.

Yang et al. developed a type of real explosive device, in
which a compression explosive column was used as the source
of the open-field explosion. By this device, they established blast
injury model in rats. Wu et al10 observed pathological changes in
the rabbits caused by the blast wave, which caused by detonator
explosion. The real-time signal was recorded by a pressure sensor
attached to the rabbit's right chest. These modeling methods need
to be performed outdoors in a wide area and have strict require-
ments on the site. In addition, it is necessary to protect the
animal's body, otherwise it is easy to cause complex injuries in-
stead of PBLI. These types of test also need higher expenses, lots
of manpower, and material resources, and pathophysiological test
is inconvenient to be performed at site.10,11

With the development of science and technology and the
deepening of the research in this field, it was found that shock
waves were generated mainly by detonating explosives outdoors
and was the main factor causing blast injury. The researchers
paid attention to shock tubes, the devices that could generate
shock waves and tried to build the blast injury model caused
by a single shock wave. By shock tubes, the injury induced by
compressed air instead of explosive air, without heat and debris
generation, with advantages of single injury, good repeatability
and safety, and easy data collection. This kind ofmodel is widely
used at present.8,12,13 Mishra et al14 developed a 9-in. square
cross section, 6-m-long shock tube instrumented with pressure
sensors. This shock tube could reproduce complex shock wave
signature after a single shot was fired. Compared with commer-
cially available shock tubes, most currently used in biological
experiments have been modified to reduce their range or size
to make them more suitable for laboratory environments. Even
so, the shock tube is not very suitable for pulmonary study for
placing horizontally. Tong et al8 self-designed a smaller shock
tube stimulation device, which is placed vertically and induced
blast injury by using compressed air to form a shock wave
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf
produced by cracked an aluminum foil directed at a certain part
of the mouse body.

Our device used in this study was modified from Tong's8

shock tube simulation device in two main ways. First, a metallic
firing pin was added in the device, which can pierce the alumi-
num foil directly when the burst pressure reaches at preset value.
The multilayer aluminum foils were pierced by the computer-
controlled pricking pin at preset value actively, instead of being
cracked passively. This method will not be affected by the thick-
ness of multilevel aluminum foils and is more accurate to reduce
the error between the release pressure and the preset pressure.
Second, mice were placed on a thick rubber plate with holes,
allowing a specific body part of the mouse to be exposed to
the shock wave, and the rest parts of body were isolated. Under
the rubber plate, there is a pressure sensor that measure the real-
time pressure record at the moment of blast. This can help us
screen the experimental data that the actual burst pressure is con-
sistent with the preset pressure. So, we have successfully devel-
oped a mini shock tube simulation device, which could induce
PBLI in mice and is very suitable for indoor laboratory environ-
ment. Compared with previous devices, it has advantages of
higher accuracy and smarter controls. The use of this device in-
cludes but is not limited to pulmonary experiments. We can
change the exposed area of shock wave by replacing the animal
fixing rubber plate. Also, through changing the exposed parts of
animals, we can achieve the blast injury of different parts of an-
imals, such as the whole body, intestine, ear, brain, limbs, and so
on. In this way, our device can be used by researchers in ortho-
pedic, otorhinolaryngologic, brain, and even abdominal surgery
departments.

In this study, our unique animal model of PBLI showed
that 24-hour survival of mice depended on the magnitude of
blast overpressure (from 0.5 bar to 2 bar). With the increase of
the peak pressure of shock wave, the mortality rate of mice in-
creased gradually. The research results showed that it could
cause severe, sometimes fatal, blast-related acute lung injury
when blast overpressure exceed 0.5 bar. Under the condition of
0.5 bar overpressure, all 10 mice survived and exhibited marked
lung damage. The injured mice died within 24 hours after the
blast or then the mice gradually recovered. Moreover, in the ini-
tial stage of blast lung injury, the mice would have symptoms of
shortness of breath and even cardiac apnea. Some of the injured
mice would bleed in the eyes, ears, mouth, and nasal passages.
Our findings are consistent with the characteristics of PBLI re-
ported in previous studies and clinical observation.15 After sim-
ulated blast injury, diffuse small hemorrhagic spots appeared on
the lung tissue of mice, especially obviously at 6 hours after in-
jury. Obvious pulmonary edema occurred in the model group,
and the highest degree of the edema was found at 6 hours as
showed by increased lung coefficient and vascular permeability.
Pathological examination of lung tissue showed the ruptured al-
veolar septal and the infiltration of inflammatory cells in the
lung tissue of the injured mice. The recruitment of inflammatory
cells in lung tissue indicates the occurrence of inflammatory re-
sponse in lung tissue from the perspective of pathological injury.
The degree of pathological injury of lung tissue reached the peak
at 6 hours, and then gradually decreased after 12 hours. Blood
cells also appear in the interstitial lung significantly 6 hours after
injury, suggesting the occurrence of intrapulmonary hemorrhage.
of the American Association for the Surgery of Trauma. 535
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All these results suggest symptoms of pneumothorax and inter-
nal bleeding at this time, which are closely consistent with those
seen in clinical patients with PBLI and in laboratory animals in
other studies. The reasons for these changes are that the volume
of the mouse chest immediately decreased after suffering the
blast shock wave and instantly rebounded when the external
force was eliminated. During this process, the intrathoracic pres-
sure rises initially and then falls sharply, resulting in the rupture
of the alveoli and the pulmonary blood vessels. The perme-
ability of alveoli-capillary membrane increased significantly,
and a large number of proteins and cells exude through the
blood-gas barrier.10,15–17 As seen in this study, shock waves
induced by our self-made device could cause mice lung dam-
age, which may lead to a variety of pathophysiological changes,
including hemorrhage, edema, and inflammatory cells infiltra-
tion in the lung.

In this study, the expression of IL-1β, IL-6 and TNF-α in
the mice lung tissues was significantly increased in the model
group, and peaked within 2 hours and 6 hours, respectively.
The expression levels of inflammatory factors in the mice lung
tissues were significantly changed only in the earlier acute phase
of PBLI, and returned to normal at 24 hours after injury. Com-
bined with pathological observation and molecular level explo-
ration, it was not difficult to find that the lung tissue, as the target
organ of the shock wave, occurred obvious inflammatory re-
sponse. The increase of inflammatory factors in this inflamma-
tory response is positively correlated with the degree of recruit-
ment of inflammatory cells. Inflammatory cells number and
recruitment degree are closely related to the degree of lung tissue
damage. Previous researches suggested that when lung tissue
were damaged by shock waves, the damaged cells released a
large number of cytokines, inducing various inflammatory fac-
tors.8,18 Previous studies have reported that PBLI involves an
immediate autonomic response, followed by intrapulmonary
hemorrhage and histopathological injury, and finally the produc-
tion of cytokines associated with inflammation.17 Our findings
are basically consistent with the previous results, except that
the inflammatory response appears earlier, which is more con-
sistent with the clinical manifestations of critical illness. It indi-
cated that our PBLI animal model could be used in the diagnosis
and treatment of PBLI and other related studies in the prehospi-
tal phase.

Clinical studies have shown that the initial signs of PBLI
are cough, hemoptysis, and other pulmonary symptoms.19,20 Some
of them have hemothorax and/or combined pneumothorax. The
victim at the scene of the explosion often have various degrees
of visceral injury without significant surface damage, a minority
of patients developed rapidly progressive pneumonia leading to
acute respiratory distress syndrome. The main cause of death is
shock, respiratory failure, septicemia, even acute respiratory dis-
tress syndrome. Wewondered if there was relationships between
hemorrhage, inflammation and other pathological processes in
PBLI. How do various pathological processes develop? Is there
a key link that connects the various pathologic processes and de-
termines the patient's outcome?

In 2004, Brinkmann et al.21 reported in The Journal Sci-
ence that neutrophils produce an extracellular fibrous network
of DNA, histones, and granulocins, such as elastase, when acti-
vated by cytokines or cytotoxins to capture bacteria. This net-
536 © 2022 The Author(s). Published by Wolters Kluwer Health,
work of extracellular fibers known as NETs, shows significant
bactericidal activity. The formation of NETs starts with neutro-
phil activation followed by ROS production and calcium mo-
bilization. Recently, the role of NETs in the occurrence and de-
velopment of a variety of bacterial infections or noninfectious
diseases has been observed. COVID-19's impact on the respira-
tory system has gained much attention. Now, reports have been
pouring in of the disease's effects throughout the body, many of
which are caused by clots.22 In COVID-19 pneumonia patients,
NETs in plasmawere found to be significantly higher than those
in healthy.23 Neutrophil extracellular traps play important roles
in inflammation and coagulation involved in the development
of in COVID-19 pneumonia. In addition, Zhang23 found that
NETs mediated systemic changes in blood hypercoagulability
in liver ischemia-reperfusion injury and lead to distal organ in-
jury by promoting microvascular immune thrombosis. The role
of NETs in PBLI has not been observed in the past studies. In
our research, we found that NETs levels in the mice lung tissues
peaked at 6 hours after blast injury and recovered over time. That
was consistent with inflammatory responses and expression
of other injury indicators. These results suggested that NETs
maybe involved in PBLI and contribute to the progression of
this disease. NETs composition closely matched the trends of
inflammatory factors, suggesting that NETs also mediates in-
flammatory responses in PBLI. However, the specific role of
NETs in PBLI mechanism and whether NETs could be a key
link between inflammation response and other pathological pro-
cess in lung after PBLI need further study.

In summary, we induce PBLI in mice successfully by our
self-made mini shock tube simulation device. The mice suffered
from shock wave have typical lung injury characteristics of
PBLI and could be used for PBLI related laboratory study. In
the future, studies on the mechanism of PBLI and potential ther-
apeutic or diagnostic approaches at the cellular and molecular
levels will be the significant. The study of the role of NETs in
PBLI may provide a breakthrough in this area.
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